; 3 **) 

SPECIFICATION 



Electronic Version 1 .2.8 
Stylesheet Version 1 .0 

PERMANENT MAGNET TYPE 
ROTOR AND PERMANENT 
MAGNET TYPE ROTARY 
ELECTRICAL MACHINE 

Background of Invention 

[0001] This invention relates to a rotating electrical machine of the type that employs 
permanent magnets and cooperating coil windings wound around armature cores in 
confronting relationship to the permanent magnets. 

[0002] A wide variety of types of electrical machines have been provided of the type 

mentioned in the preceding paragraph. These arrangements may be used as either 
motors or generators and either the magnets or the coil or both may rotate. If the 
device is an electrical motor, the windings are selectively energized so as to effect 
rotation. If the device operates as a generator, the relatively rotatable member is 
rotated and an electrical current is induced in the windings. 

[0003] In conventional constructions of this type, the permanent magnets are disposed at 
circumferentially spaced even intervals with their polarity oppositely arranged. The 
electrical windings are formed on armature poles formed by a member that defines 
slots between it. The armature poles are also mounted at circumferentially spaced 
regular intervals. 

[0004] with this type of mechanism, it is desirable to insure that the torque required to 
rotate the rotatable member without large power input is important. The torque 
necessary to achieve this rotation is referred to as "cogging torque". If the cogging 
torque is large and the device is a generator, it requires large power to drive the 
mechanism and this increases the vibration. If the device operates as a motor and has 
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high cogging torque, large power is consumed when idling and this also increases the 
vibration. 

[0005] Basically, the cogging torque is related to the number of peak pulses in the coil 
windings per revolution of the rotor, referred to as the "cogging number". The 
cogging number is generally equal to the least common multiplier of the number of 
slots and the number of magnetic poles. The cogging torque is basically proportional 
to the reciprocal of the square of the cogging number. 

[0006] In addition, the multiple armature cores generally have the coils wound in coil 
groups or phases. In a conventional type mechanism, the coils of each phase are 
disposed adjacent to each other and are oppositely wound. This has the disadvantage 
of causing unbalanced magnetic forces, which can cause vibration and, in addition to 
the objectionable noise, premature wear of the bearings of the machine. 

[0007] These disadvantages of the prior art structure may be best understood by 

reference to FIGS. 1 through 4, which show a prior art type of eight (8) pole nine (9) 
slot machine. FIG1 illustrates the winding of a prior art electrical motor or generator. 
FIG. 2 shows the cogging torque in relationship to the rotational angle. FIG. 3 which 
shows the counter EMF both between lines and phases. FIG. 4 which is a diagrammatic 
view showing the flux lines during a portion of the rotation of this machine. 

[0008] In the illustrated embodiment, the machine includes a rotor, indicated generally by 
the reference numeral 21 which is comprised of a disk having a plurality of permanent 
magnets 22 fixed thereto around its periphery and which is affixed to a rotor shaft 23. 
The magnets 22 are formed from a ferromagnetic material, which is assembled to the 
disk and mounted on the shaft 23, and the magnetic material permanently 
magnetized. The assembly is bonded together with a resin. 

[0009] A cooperating armature 24 has a plurality of armature cores that are separated by 
gaps or slots 25. These gaps or slots 25 are equally spaced around the circumference 
and around the axis of rotation of the rotor shaft 23. 

[001 0] Although the structure is described in conjunction with an arrangement with 

rotating magnets and fixed coil windings, the arrangement can obviously be reversed 
wherein the magnets are held against rotation and the coil windings rotate. 
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[001 1] The armature cores that define the slots 25 are divided into groups, in this 

embodiment, these comprise three groups, having individual adjacent windings UUU, 
VVV, and WWW, respectively. Individual windings 26U, 26V and 26W are wound 
around the adjacent cores in opposite directions. As a result, the magnetic flux is such 
that it is unbalanced because of the fact that the adjacent windings of the coil phases 
are wound in opposite directions as to increase the magnetic flux as shown in FIG. 4. 

[001 2] The example shown employs nine slots and eight magnetic poles and thus, has a 
cogging number of 72 i.e. 9x8. Thus, although this type of mechanism provides a low 
cogging torque as seen in FIG. 2 and a fairly uniform counter electromotive force as 
shown in FIG. 3, it results in vibrations and the total power output is not as great due 
to the fact that the coils operate in sequence and thus, tend to negate each other 
under some circumstances as will be apparent later in describing a comparison 
between the invention and prior art structures as thus far described. 

[001 3] It is, therefore, a principal object to this invention to provide an improved rotating 
electrical machine that incorporates permanent magnets and in which the cogging 
torque is maintained at a low value while vibrations and electrical power output are 
significantly improved. 

[001 4] It is a further object to this invention to provide an arrangement wherein the 
power output can be increased and the driving force decreased without adversely 
affecting the cogging torque. 

[001 5] The vibrational effect may be reduced by decreasing the number of magnets to, 
for example 6. The cogging number then decreases to 1 8. Then, however, the 
cogging torque becomes unacceptably large. Another way in which the vibrational 
problem may be reduced is by providing a series of magnets which are skewed 
relative to each other in side-by-side fashion and which cooperate with the coil 
windings. This type of mechanism is very difficult to manufacture and in fact cannot 
be manufactured by high production volume techniques. 

[001 6] Therefore, it is a principal object to this invention also to provide an improved and 
simplified rotating electrical machine that can be manufactured on high speed 
assembly apparatus and which will have the desired performance. 
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Summary of Invention 

[001 7] A first feature of this invention is adapted to be embodied in a permanent magnet 
type rotary electrical machine having a rotor and a stator. One of the rotor and stator 
comprises a plurality of permanent magnets disposed such that the plurality of eight 
adjacent magnets are different from each other. The other of the rotor and the stator 
comprise a plurality of electrical coiis wound around cores juxtaposed to the 
permanent magnets for cooperation therewith. In accordance with this feature of the 
invention, the coil windings are arranged in groups or phases having their windings 
connected to each other with common ends. No two coil windings of each group or 
phase are circumferential ly adjacent to each other. 

[001 8] Another feature of the invention is also adapted to be embodied in a permanent 
magnet type rotary electrical machine having a rotor and a stator and permanent 
magnets and coil windings around cores. In accordance with this feature of the 
invention, one of the cores and permanent magnets are disposed in non-symmetrical 
relationship to the axis of rotation of the rotor. 

Brief Description of Drawings 

[001 9] FIG. 1 is a partially schematic view of a rotating electrical machine constructed in 
accordance with the prior art type of construction. 

[0020] FIG. 2 is a graphical view showing the cogging torque in neutron meters per 
degree of angle of rotation of the rotor with the prior art construction. 

[0021] FIG. 3 is a graphical view showing the counter electromotive force in relationship 
to rotational angle both with respect to the phases and the individual coil winding 
lines of the prior art type of construction. 

[0022] FIG. 4 is a view looking in the same direction as FIG. 1 of the prior art construction 
and shows the magnetic flux lines. 

[0023] FIG. 5 is a view in part similar to FIG. 1 of a rotating electrical machine constructed 
in accordance with a first embodiment of the invention without the coil windings. 

[0024] FIG. 6 is a graphical view showing the cogging torque per degree of rotation of the 
rotor. 
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[0025] FIG. 7 is a graphical view showing the counter electromagnetic force in accordance 
with the invention and voltage between phases and between lines. 

[0026] FIG. 8 is a view, in part similar to FIG. 5, but showing the coil windings. 

[0027] FIG. 9 is a graphical view showing the flux lines in a prior art arrangement. 

[0028] FIG. 1 0 is a graphical view showing the cogging torque of another prior art 

arrangement wherein the magnets have a different configuration then that shown in 
FIG. 9. 

[0029] FIG. 1 1 is a graphical view showing the cogging torque in neutron meters per 

degree of angle of rotation of the rotor with the prior art construction shown in FIG. 
1 2FIG. 1 2 is a graphical view showing the flux lines in this prior art arrangement. 

[0030] FIG. 1 3 is a graphical view is a graphical view showing the cogging torque in 
neutron meters per degree of angle of rotation of the rotor with another prior art 
construction. 

[0031] FIG. 14 is a graphical view showing the counter electromotive force in relationship 
to rotational angle both with respect to the phases and the individual coil winding 
lines of this other prior art type of construction. 

[0032] FIG. 1 5 is a view showing the flux lines of still another prior art constructionFIG. 
1 6 is a graphical view showing the cogging torque in neutron meters per degree of 
angle of rotation of the rotor with this still another prior art construction. 

[0033] FIG.l 7 is a graphical view showing the counter electromotive force in relationship 
to rotational angle both with respect to the phases and the individual coil winding 
lines of this still another prior art type of construction. 

[0034] FIG. 1 8 is a graphical view showing the flux lines in yet another prior art 
arrangement. 

[0035] FIG. 1 9 is a graphical view showing the cogging torque in neutron meters per 
degree of angle of rotation of the rotor with this yet another prior art construction. 

[0036] 

FIG. 20 is a graphical view showing the counter electromotive force in relationship 
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to rotational angle both with respect to the phases and the individual coil winding 
lines of this yet another prior art construction. 

[0037] FIG. 21 is a view, in part similar to FIG. 5, and shows another embodiment of the 
invention. 

[0038] FIG. 22 is a graphical view showing the cogging torque in connection with 
rotational angle for this other embodiment of the invention. 

[0039] FIG. 23 is a graphical view showing the phase line voltage output in response to 
rotational angle for this other embodiment. 

[0040] FIG. 24 is a view, in part similar to FIG. 2 1 , but shows a conventional prior art type 
of construction. 

[0041] FIG. 25 is a graphical view, in part similar to FIG. 22, and shows the cogging 
torque for this conventional art for comparison with that of FIG. 22. 

[0042] FIG. 26 is a view, in part similar to FIGS. 5 and 21 , and shows another embodiment 
of the inventionFIG. 27 is a view, in part similar to FIGS. 5, 21 and 26, and shows a yet 
further embodiment of the invention. 



[0043] FIG. 28 is a graphical view showing the cogging torque of this yet further 
I embodiment. 

Detailed Description 

[0044] Referring first to the embodiment of FIGS. 5 through 8 and initially to FIGS. 5 and 
8, a rotating electrical machine constructed in accordance with this embodiment is 
illustrated and includes a rotor that is comprised of a rotor shaft 51 to which is fixed 
in a conventional manner, a disk 52 into which the periphery of eight permanent 
magnets 53 having a flat planar shape are embedded. After assembly, the magnetic 
material of the plates 53 is permanently magnetized and this type of rotor is referred 
to as an "IPM"(lnterior Permanent Magnet) type. The width of each of the permanent 
magnets 53 is equal to 45 ° in this embodiment. 



[0045] 



These permanent magnets 53 cooperate with an armature, indicated generally by 
the reference numeral 54, which is provided with a plurality of armature poles 5 5 that 
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define slots 56 there between. There are nine armature poles 55 and slots 56 and 
these are equally spaced. 

[0046] As may be seen in FIG. 8, the device is of the three-phase type but unlike prior art 
type of constructions, each phase consisting of the armatures U, V and W is wired 
such that no two windings of the same phase are disposed adjacent to each other. 

[0047] In this embodiment, the permanent magnets 53 are arranged in two groups of 
three. The spacing between adjacent magnets of each group is, in this embodiment, 
equal to 8.33 ° indicated at the dimension "A" in FIG. 5. However, the spacing between 
the two groups is considerably greater and specifically 28.34 0 as indicated by the 
dimension "B" in FIG. 5. The circumferential extent of the tips of the cores or teeth 5 5 
extends through an arc of 31 .27 ° in this embodiment. 

[0048] Thus, as may be seen in FIG. 6 the cogging torque, although slightly greater than 
a conventional type machine, is more uniform and the counter electromotive force is 
more uniform. Furthermore, as a result of this arrangement, the magnetic flux lines, 
as seen in FIG. 9, are much more balanced and vibrations are substantially reduced. 
Also, because of the fact that the end phase coils are displaced from each other by 
1 20 ° , noise is decreased as is vibration and the life of the bearings is prolonged. 
Furthermore, this structure can be manufactured quite easily and the use of plate-like 
magnets permits a much lower costs without decreasing the efficiency of the machine. 

[0049] The improvement of the embodiment over the prior art type of constructions is 
further emphasized by FIGS. 9 - 20. These figures show various magnet 
configurations utilizing prior art type of constructions having six poles and nine slot 
constructions with the coil windings being phased as shown in the prior art 
constructions of FIGS. 1- 4. In other words, these figures show back-to-back 
comparisons between Applicants'invention and various types of prior art constructions 
employing permanent magnets on a six pole, nine slot arrangement. 

[0050] For example, FIG. 9 shows the flux lines for an arrangement having arcuate shape 
permanent magnets, indicated by the reference numeral 22 in this embodiment with 
the other components being identified by the same reference numerals utilized in the 
prior art construction. 
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[0051] As may be seen, the cogging torque, illustrated in FIG. 10, is substantially greater 
than that of this embodiment of the invention. Also, it will be seen that the counter 
EMF curve of FIG. 1 1 is nowhere near as smooth as Applicants 1 as shown in FIG. 7. 

[0052] FIGS. 1 2 -4 are similar to FIGS. 9 -1 1 but show the magnetic flux, cogging torque 
and counter EMF of convex shaped magnets indicated as 22 in FIG. 1 2. Again, it will 
be seen that the cogging torque is substantially higher than with the invention while 
the wave output is much more irregular. 

FIGS. 15-17 show the flux lines, cogging torque and counter electromagnetic 
forces, respectively, of an arrangement utilizing a radial ring type SPM magnet 
construction. Again, the cogging torque is substantially increased over Applicants" 
invention and the counter EMF is much more irregular. 

FIGS. 1 8 -20 show the magnetic flux lines, cogging torque and counter EMF when 
conventional plate-type SPM magnets are utilized, indicated by the reference numeral 
22 in the drawings. Again, the results clearly indicate the superiority of the 
construction in accordance with the invention. 

FIGS. 2 1 -23 shows another embodiment of the invention. In this embodiment, a 
rotor 101 has twelve permanent magnets of the plate-type arranged in alternating 
plurality. These permanent magnets are indicated by the reference numeral 1 02 and 
their plurality appears in FIG. 21. These permanent magnets 102 are disposed in 
groups of three with the permanent magnets in each group of three being spaced so 
that there is a narrow angular gap of 26.7 ° between the two magnets of the group 
and a wider pitch of 36.6 ° between the remaining magnet and the center magnet of 
the group. In this embodiment, the angle of each magnet is the same and this 
indicated at 0 0 0 . 

[0056] These particulars angles were determined by utilizing computer software named 
"Maxwell 2D Field Simulator", which is available from Ansoft-Japan Co., Ltd, whose 
main office is located at 3-18-20 Shin Yokahama, Kitaku, Yokahama-shi, Kanigawa- 
ken, Japan. This software permits calculation of the torque exerted on a part at its 
specific location. Optimum pitch angles are computed for the angles 0 1 and 0 ° 2 by 
determining repeated calculations with varying pitch angles. 
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[0057] The pitch angle 9 1 =26.7 is a pitch angle 0 0=30 ° , for regularly disposed 

magnets, offset by 3.3 0 (mechanical angle), therefore this angle 3.3 ° is referred to as 
an offset angle 0 D. The value of the pitch angle 0 2 is necessarily 33.6 ° when the 
pitch angle 9 1 =26.7 ° . 

[0058] The torques exerted on permanent magnets 1 02 when the offset angle 0 D=3.3 ° 
and the rotor 101 is rotated without currents in coils, are shown in FIG. 22. Since 
torques exerted on the magnets Nl and N4 (see FIG. 21) are the same because of the 
symmetry of the machine, Nl,4 represents the sum of these torque values. Likewise, 
N3,6 and N2,5 represent the sum of torque values of magnets N3, N6 and the sum of 
torque values of magnets N2, N5, respectively. Also, SI ,4, S3, 6 and S2,5 represent the 
sum of torque values of the magnets SI , S4, the magnets S3, S6, and the magnets S2, 
S5, respectively. The horizontal axis of FIG. 22 represents the rotation angle 
(mechanical angle) of the rotor 101. 



m 

UJ [0059] As is clear from FIG. 22, if the offset angle 6 D=3,3 0 , a phenomenon occurs in 



CO 
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which the peak of the sum of torque values of one set of magnets is cancelled by the 
bottom of the sum of torque values of another set of magnets. For example, the peak 
of the torque of Nl ,4 is cancelled by the bottom of the torque of N2,5. As a result, 
when all the torque values are summed up, the total torque, that is, the resultant 
cogging torque becomes very small as shown in FIG. 22 by a heavy line. This total 
torque is the cogging torque when the rotor 1 01 is rotated without drive currents in 
coils. 

[0060] This cogging torque has three peaks in the length of time the rotor 1 01 rotates 

through an angle of 1 0 ° . In other words, 1 08 peaks will appear for one rotation (360 
° ) of the rotor 1 01 , so that the cogging number amounts to 1 08. This machine has 
eighteen slots (S=l 8) and twelve poles (P=l 2), so that the least common multiple of 
these numbers is 36. Therefore, it can be seen that the cogging number is three times 
the least common multiple 36, that is, 3 x 36=1 08. 

[0061] advantages of this construction will become apparent when compared with a 

prior art type machine in which the permanent magnets 22 of the rotor 2 1 are 
disposed at regular intervals as shown in Figure 24. FIG. 2 5 is a graph showing the 
torque exerted on each permanent magnet 22 and the resultant cogging torque. As 
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seen in FIG. 24, the rotor 21 has twelve permanent magnets 22 disposed at equal 
pitch angles 0 0 ( 0 0-30 ° ). 

[0062] Using the same computer software previously referred to FIG. 25 is obtained. The 
torque exerted on each magnet N1-N6 is the same in magnitude. Likewise, the torque 
exerted on each magnet SI -S6 is the same in magnitude but out of phase by 1 0 ° in 
mechanical angle from that on the magnet N1 -N6. The total of these torque values or 
the cogging torque is six times as large as the torque value, and the resultant cogging 
torque takes the value shown in FIG. 25. 

[0063] As is clear from FIG. 25, when the permanent magnets 22 of the rotor 21 are 

disposed regularly, two peaks of the cogging torque appear in a mechanical angle of 
20 ° , resulting in thirty-six coggings per rotation of the rotor 21. Therefore, the 
cogging torque determined from the reciprocal of a square of the cogging number is 
increased, as previously described. 

1 1) [0064] FIG. 26 is a view showing the construction of another embodiment of this 

invention. Similar components are identified by the same reference numerals as 
previously applied. In this embodiment the rotating electrical machineis provided with 
eighteen slots 55 (S-18) and twelve magnetic poles 102 (P=12). The stator 54 of the 
machine has eighteen magnetic pole teeth 56 disposed at regular intervals. 



i w 



M [0065] On the circumferentiaily disposed magnetic pole teeth are wound U, V and W 

phase coils in the same order as in FIG. 8. Here, ail the magnetic pole teeth 56 have 
the same circumferential pitch angle. That is, the magnetic pole teeth 56 are disposed 
circumferentiaily at regular intervals. 

[0066] The rotor 101 has twelve permanent magnets 1 02. As in FIG. 21, the permanent 
magnets 102 are marked with symbols of S1-S6 and N1-N6 and numerals indicative 
of their positions. The permanent magnets 102 are arranged such that three 
permanent magnets constitutes one set and total of four sets are disposed in the 
circumferential direction. That is, the first set is constituted by N1 , S6 and N6, the 
second set by S5, N5 and S4, the third set by N4, S3 and N3, and the fourth set by S2, 
N2 and SI. 

[0067] The circumferential pitch angle of the permanent magnets Nl, S6, N6, N4, S3 and 
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N3 within two sets are at a symmetrical positions relative to each other. For example, 
the first and the third set, spacing is 26.7 ° . That is, since the pitch angle (reference 
pitch angle) of regularly disposed permanent magnets 1 02 is 360 * /12^30 ° , with Nl 
and N4 as reference magnets, the angle between Nl and the adjacent S6, and the 
angle between N4 and the adjacent S3, are each made smaller than the reference pitch 
angle of 30 ° by 3.33 ° to 30.00 ° -3.33 ° =26.67 ° . Likewise, offset angles of S6 and 
S3 from their reference positions are each 6.66 ° . 

[0068] The pitch angle of the permanent magnets S5, N5, S4, S2, N2 and SI within the 
other sets (the second and the fourth set) at a symmetrical position is 33.3 ° . The 
pitch angle of adjacent two permanent magnets between adjacent different sets is 30 
° . That is, the pitch angle between the permanent magnets N6 and S5, the pitch angle 
between S4 and N4, the pitch angle between N3 and S2, and the pitch angle between 
SI and Nl, are each 30 ° . 

[0069] As a result of a computer numerical analysis in this embodiment like that in the 
foregoing embodiment, it was found that the cogging number is 1 08. That is, the 
cogging number proved to be three times the least common multiple (36) of the 
number S=l 8 of slots and the number P=l 2 of poles. 

[0070] FIG. 27 is a view showing the construction of still another embodiment of this 

invention. FIG. 28 is a graph showing the torque exerted on each permanent magnet 
and the resultant cogging torque of this embodiment. This embodiment is 
exemplified by a motor or generator with eighteen slots and twelve poles, a stator 101 
being the same as the one shown in FIG. 21 . 

[0071] Its rotor 101 has twelve permanent magnets 102. As in FIG. 21, the permanent 

magnets 1 02 are marked with symbols of SI -S6 and Nl -N6 and numerals indicative 
of their positions. The permanent magnets 1 02 are arranged such that three 
permanent magnets constitute one set and total of four sets are disposed in the 
circumferential direction. That is, the first set is constituted by Nl , S6 and N6, the 
second set by S5, N5 and S4, the third set by N4, S3 and N3, and the fourth set by S2, 
N2andSl. 

[0072] 

In this embodiment, the circumferential pitch angle of the three magnets in each 
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set is constant 28.3 ° . However, pitch angles between sets are different. The angle 
between the first and the second set (angle between magnets N6 and S5) is 33.3 ° , 
the angle between the second and the third set (angle between magnets S4 and N4) is 
28.3 ° , the angle between the third and the fourth set (angle between magnets N3 
and S2) is 33.3 ° , and the angle between the fourth and the first set (angle between 
magnets SI and NT) is 38.3 ° . 

[0073] As a result of the aforenoted computer analysis for this embodiment, the torque 
exerted on each magnet and the resultant cogging torque are calculated and shown in 
FIG. 28. That is, the cogging number is 216. This number is six times the least 
common multiple of the number S=1 8 of slots and the number P=l 2 of poles. Thus, 
the cogging number is doubled compared with the foregoing embodiment of FIG. 26, 
so that it can be seen that smoother rotation will be provided. 

[0074] Since the permanent magnets 102 are disposed irregularly in this embodiment, 
balancing weights are preferably attached for compensation to the rotor 1 01 in the 
circumferential direction. In addition, angles between permanent magnets suggested 
in the foregoing embodiments need not be exact, and the intended effect can be 
produced with angles slightly different from the angles herein suggested, therefore 
the slightly different angles are also included in this invention. Various other changes 
and modifications are possible without departing from the spirit and scope of the 
invention as defined by the appended claims. 
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